La Gerche A, MacIsaac AI, Burns AT, Mooney DJ, Inder WJ, Voigt JU, Heidbuchel H, Prior DL. Pulmonary transit of agitated contrast is associated with enhanced pulmonary vascular reserve and right ventricular function during exercise. J Appl Physiol 109: 1307-1317. First published August 19, 2010 doi:10.1152/japplphysiol.00457.2010.-Pulmonary transit of agitated contrast (PTAC) occurs to variable extents during exercise. We tested the hypothesis that the onset of PTAC signifies flow through larger-caliber vessels, resulting in improved pulmonary vascular reserve during exercise. Forty athletes and fifteen nonathletes performed maximal exercise with continuous echocardiographic Doppler measures [cardiac output (CO), pulmonary artery systolic pressure (PASP), and myocardial velocities] and invasive blood pressure (BP). Arterial gases and B-type natriuretic peptide (BNP) were measured at baseline and peak exercise. Pulmonary vascular resistance (PVR) was determined as the regression of PASP/CO and was compared according to athletic and PTAC status. At peak exercise, athletes had greater CO (16.0 Ϯ 2.9 vs. 12.4 Ϯ 3.2 l/min, P Ͻ 0.001) and higher PASP (60.8 Ϯ 12.6 vs. 47.0 Ϯ 6.5 mmHg, P Ͻ 0.001), but PVR was similar to nonathletes (P ϭ 0.71). High PTAC (defined by contrast filling of the left ventricle) occurred in a similar proportion of athletes and nonathletes (18/40 vs. 10/15, P ϭ 0.35) and was associated with higher peak-exercise CO (16.1 Ϯ 3.4 vs. 13.9 Ϯ 2.9 l/min, P ϭ 0.010), lower PASP (52.3 Ϯ 9.8 vs. 62.6 Ϯ 13.7 mmHg, P ϭ 0.003), and 37% lower PVR (P Ͻ 0.0001) relative to low PTAC. Right ventricular (RV) myocardial velocities increased more and BNP increased less in high vs. low PTAC subjects. On multivariate analysis, maximal oxygen consumption (V O2max) (P ϭ 0.009) and maximal exercise output (P ϭ 0.049) were greater in high PTAC subjects. An exercise-induced decrease in arterial oxygen saturation (98.0 Ϯ 0.4 vs. 96.7 Ϯ 1.4%, P Ͻ 0.0001) was not influenced by PTAC status (P ϭ 0.96). Increased PTAC during exercise is a marker of pulmonary vascular reserve reflected by greater flow, reduced PVR, and enhanced RV function. right ventricle; pulmonary circulation; pulmonary vascular resistance; contrast echocardiography; athlete IN SOME PATHOLOGICAL SETTINGS, the pulmonary circulation is an important modulator of cardiac output at rest (5) and during exercise (22, 23) . In considering the right ventricle (RV) and the pulmonary circulation as a functional unit, heightened afterload and/or reduced contractility may combine to restrict cardiac output augmentation, thereby restricting exercise capacity. In healthy subjects, a significant increase in pulmonary artery systolic pressure (PASP) has been described during exercise (2, 8) . Pulmonary vascular reserve (consisting of vascular recruitment, dilation, and/or distension) moderates pressure increases and is therefore critical in minimizing RV afterload and maximizing cardiac output during exercise. It has been demonstrated that changes in pulmonary capillary recruitment (20, 34) and distension (17, 39) are an important means by which increases in blood flow may be accommodated while moderating pressure increases. However, studies examining pulmonary vascular reserve are largely confined to invasive measures in animals (17, 20, 25, 34, 39) . Eldridge et al. (16) demonstrated that agitated contrast which does not pass through the pulmonary circulation at rest may do so during exercise. They concluded that this was an indication of recruitable arteriovenous shunts because the contrast bubbles were three-to fourfold larger than the diameter of pulmonary capillaries and, thus, should not pass through. In support of this hypothesis, Stickland et al. (40) reported greater alveolar-arterial oxygen pressure difference (A-aDO 2 ) in seven subjects with exercise-induced pulmonary transit of agitated contrast (PTAC) compared with one subject in whom there was no PTAC. They proposed that this recruitment of largerdiameter vessels may effect a reduction in pulmonary vascular resistance and pulmonary pressures. Thus PTAC could represent a relatively noninvasive measure of pulmonary vascular reserve via a mechanism of capillary by-pass rather than capillary recruitment and distension. However, these findings have thus far been limited to small cohorts, and a hemodynamic benefit associated with PTAC is yet to be demonstrated.
IN SOME PATHOLOGICAL SETTINGS, the pulmonary circulation is an important modulator of cardiac output at rest (5) and during exercise (22, 23) . In considering the right ventricle (RV) and the pulmonary circulation as a functional unit, heightened afterload and/or reduced contractility may combine to restrict cardiac output augmentation, thereby restricting exercise capacity. In healthy subjects, a significant increase in pulmonary artery systolic pressure (PASP) has been described during exercise (2, 8) . Pulmonary vascular reserve (consisting of vascular recruitment, dilation, and/or distension) moderates pressure increases and is therefore critical in minimizing RV afterload and maximizing cardiac output during exercise. It has been demonstrated that changes in pulmonary capillary recruitment (20, 34) and distension (17, 39) are an important means by which increases in blood flow may be accommodated while moderating pressure increases. However, studies examining pulmonary vascular reserve are largely confined to invasive measures in animals (17, 20, 25, 34, 39) .
Eldridge et al. (16) demonstrated that agitated contrast which does not pass through the pulmonary circulation at rest may do so during exercise. They concluded that this was an indication of recruitable arteriovenous shunts because the contrast bubbles were three-to fourfold larger than the diameter of pulmonary capillaries and, thus, should not pass through. In support of this hypothesis, Stickland et al. (40) reported greater alveolar-arterial oxygen pressure difference (A-aDO 2 ) in seven subjects with exercise-induced pulmonary transit of agitated contrast (PTAC) compared with one subject in whom there was no PTAC. They proposed that this recruitment of largerdiameter vessels may effect a reduction in pulmonary vascular resistance and pulmonary pressures. Thus PTAC could represent a relatively noninvasive measure of pulmonary vascular reserve via a mechanism of capillary by-pass rather than capillary recruitment and distension. However, these findings have thus far been limited to small cohorts, and a hemodynamic benefit associated with PTAC is yet to be demonstrated.
We sought to test the hypothesis that the passage of agitated contrast through the pulmonary circulation indicates enhanced pulmonary vascular reserve, which will be reflected by improved echocardiographic measures of pulmonary hemodynamics. Furthermore, given the profound ventriculo-arterial interaction in the right-sided circulation, afterload reduction should result in improved RV function, as assessed by myocardial velocities and B-type natriuretic peptide (BNP) release. Arterial oxygen saturation (SaO 2 ) and partial pressure (Pa O 2 ) were measured to determine whether PTAC was associated with changes in arterial oxygenation. We conducted this investigation in a population of healthy subjects including welltrained athletes in whom enhanced circulatory flows during exercise should provide a stimulus for maximizing pulmonary vascular reserve.
METHODS

Subjects
Forty athletes and 15 nonathletes volunteered to participate. Athletes were training for an endurance sporting event and were performing 16 Ϯ 5 h of moderate or intense exercise training per week while nonathletes performed mild recreational exercise only (mean 70 Ϯ 25 min/wk). All subjects were healthy with no cardiovascular symptoms or risk factors. Written informed consent was obtained, and the protocol was approved by the St. Vincent's Hospital human research ethics committee.
Exercise Protocol
Subjects were exercised on two occasions, separated by at least 24 h. Maximal cardiopulmonary testing for maximal oxygen consumption (V O2max) quantification was undertaken on an upright cycle ergometer (ER900 and Oxycon Alpha, Jaeger, Germany) while exercise with real-time echocardiography was performed on a semisupine cycle ergometer (Lode, Groningen, Netherlands). Incremental exercise (25 W per 2 min) was performed until exhaustion.
Measurements
Biochemical measures and arterial blood gases. An arterial blood sample was collected through a radial artery catheter at rest and at peak exercise. Samples were analyzed immediately for partial gas concentrations [Pa O 2 , arterial PCO2 (PaCO 2 )], SaO2 by co-oximetry, pH, and lactate (Siemens Rapidlab 1265, Bayer Healthcare, Sudbury, UK).
A "point of care" rapid analyzer was used for BNP assays (Triage BNP test, Inverness Medical).
Echocardiographic measures. At rest, a comprehensive study was performed on a Vivid 7 Dimension echocardiograph with 3-D capabilities (GE). Left ventricular (LV) and RV volumes were measured using customized software (TomTec software) on a "full-volume" data set acquired over five cardiac cycles.
During exercise, a repeating loop of measures was obtained every 2 min which included PASP estimates, stroke volume (SV), myocardial velocities during systole (Sm) and diastole (Em), and acceleration during isovolumic contraction (IVA) by color tissue Doppler acquired at high frame rate (Ͼ120 frames/s). For the RV, these were measured in the basal free wall and in the basal septum for the LV. PASP was derived from tricuspid regurgitant velocities with contrast enhancement without addition of right atrial pressure estimates as previously validated at rest and during exercise (21, 26 ). An example is provided in Fig. 1 . Stroke volume was determined from the velocity-time integral (VTI) of the modal velocity trace by pulse-wave Doppler interrogation of the RV outflow tract (RVOT), the diameter of which was measured at rest and assumed to remain constant through exercise.
In addition, measures obtained as close as possible to maximal exercise are quoted as "peak-exercise" values. For assessment of LV preload, the ratio of early transmitral flow (E) to LV Em was measured at baseline and in early recovery at the earliest point at which the diastolic flow pattern separated (9) .
At rest, data were acquired over three to five cardiac cycles, but during exercise acquisition periods were extended to ensure goodquality data in the context of increased respiratory and cardiac motion. In many cases, in excess of 50 cardiac cycles were recorded during exercise from which three values were averaged. Multiple loops of repeated measures (8 Ϯ 2 loops per subject) were analyzed by an analyst (A. La Gerche) who was blinded to subject identity and the results for preceding loops of measures. Baseline and peak-exercise measures of PASP and CO were analyzed for intra-(A. La Gerche) and interobserver (A. La Gerche and D. L. Prior) variability.
LV afterload. LV afterload was quantified as mean and systolic blood pressure (MBP and SBP, respectively), as recorded from continuous-pressure transduction of the radial artery catheter (SpaceLabs, Redmond, WA).
PTAC. An agitated contrast solution of succinylated gelatin (Gelofusine, Braun International) was mixed with room air (95:5 ratio) and vigorously agitated between two syringes using a three-way tap. A 3-to 4-ml bolus was administered over ϳ1 s through an upper-arm venous cannula. Two injections were performed during each loop of echocardiographic measures: one injection for enhancement of Doppler estimation of PASP and a second for assessment of PTAC. The total volume infused was Ͻ150 ml for each subject. This solution was used in preference to saline because of its superiority in Doppler signal enhancement (43) , previous demonstration that pulmonary transit of gelatin bubbles do not occur in healthy subjects at rest (33) , and its greater sensitivity and specificity in identification of intracardiac (1, 10, 11) and intrapulmonary shunts (14, 33) . The agitated succinylated gelatin solution was examined under a digital microscope, and the average diameter of 105 measured bubbles was 21.2 Ϯ 6.2 m (Fig. 1) .
PTAC was defined as the appearance of contrast in the left atrium more than four cardiac cycles following opacification of the right ventricle as is standard for the diagnosis of pulmonary arteriovenous connections (14, 40) . After the single-bolus injection, opacification of the RV was apparent for at least 20 s, regardless of PTAC status. The phenomenon of PTAC is demonstrated (see Supplemental Video, available with the online version of this article). The grading of subjects is described in Fig. 2 . Subjects were further subdivided as low PTAC (grade 0, 1, or 2) or high PTAC (grade 3 or 4) as determined at maximal exercise. The reproducibility of grading was tested by three blinded observers (A. LaGerche, D. L. Prior, and D. J. Mooney) on a subset of 30 subjects after a training set of 10 unblinded cases.
Statistical Analysis
To compare the response to exercise between groups of subjects a two stage within-subject trend analysis was performed (24) whereby a linear regression of repeated measures was performed on every subject. Slope and intercept values were then used for group comparisons (independent t-test). Various nonlinear regressions were shown to be nonsuperior using Aikaike's information criteria statistic, and a mean correlation coefficient (r 2 ) of Ͼ0.55 ensured that regressions were obtained from strongly related data. Where only baseline and peak-exercise measures were available, a mixed-factorial ANOVA was used. Exercise was considered a within-subject variable while athletic status and high vs. low PTAC were considered betweensubjects factors. Categorical data were compared using 2 . To investigate whether PTAC status influenced exercise measures, a stepwise multivariate linear regression was performed where athletic status, PTAC status, age, body mass index (BMI), and weekly training hours were investigated as predictors of V O2max and maximal exercise output. Inter-and intraobserver variability was assessed according to the methods of Bland and Altman (7) . In brief, the difference of the two measurements was expressed as a percentage of the average of the two measurements. Limits of agreement are defined as means Ϯ 1.96 SD of the difference. In addition, Pearson correlation coefficients are provided. All values are expressed as means Ϯ SD unless otherwise stated, and P Ͻ 0.05 was considered significant. Statistical analysis was performed using SPSS v.16.0 software.
All authors take full responsibility for the integrity of the data and agree to the manuscript as written.
RESULTS
The differences in cardiac morphology and exercise capacity between age-and sex-matched athletes and nonathletes are detailed in Table 1 As demonstrated in Fig. 3B , the relationship between PASP and CO, as an expression of PVR, was also no different between athletes and nonathletes (slope coefficients 3.8 Ϯ 1.6 vs. 3.6 Ϯ 1.9 mmHg·l Ϫ1 ·min, P ϭ 0.71, and constants 5.5 Ϯ 10.7 vs. 7.3 Ϯ 10.2 mmHg, P ϭ 0.58), reinforcing that it is differences in cardiac flow rather than differences in pulmonary vascular characteristics that explain the greater peakexercise PASP in athletes. These near-linear relations could be equally well described by logarithmic equations with neither being superior by Aikaike's statistic. The change in PVR during exercise may be estimated from the mean linear regression equations. In athletes, the mean PASP was 23.5 mmHg at a CO of 5 l/min and increased to 59.5 mmHg at a CO of 15 l/min. Thus, in this range of exercise, PVR as measured by PASP/CO fell 15% with an almost identical decrease in nonathletes.
There was good agreement in measurements of CO and PASP between two blinded observers. Mean bias Ϯ limits of agreement (expressed as a percentage of the mean value) and the Pearson correlation coefficient for CO measures were 2.0 Ϯ 14.6% and r 2 ϭ 0.79, P Ͻ 0.0001, at rest, while at peak exercise they were 4.7 Ϯ 16.4% and r 2 ϭ 0.62, P Ͻ 0.0001. Corresponding measures for PASP at rest were 5.7 Ϯ 10.0% and r 2 ϭ 0.74, P Ͻ 0.0001, and at peak exercise were 1.4 Ϯ 18.1% and r 2 ϭ 0.59, P Ͻ 0.0001, respectively. Intraobserver variability for rest and peak-exercise measures combined were 2.7 Ϯ 18.4% and r 2 ϭ0.76, P Ͻ 0.0001, for CO and 4.4 Ϯ 16.7 and r 2 ϭ 0.90, P Ͻ 0.0001 for PASP.
Classification of Subjects According to PTAC
Exercise-induced PTAC was evident in 52 of 55 subjects. Twenty-seven subjects were classified as low PTAC (22 athletes and 5 nonathletes) and 28 as high PTAC (18 athletes and 10 nonathletes) with no difference in the proportion of subjects with high PTAC between athletes and nonathletes (45% vs. 67%, P ϭ 0.35). Reproducibility of PTAC grading proved excellent, with agreement between at least two observers in 25/30 test cases (83%) and in only one case was there a discrepancy of Ͼ1 grade between any of the three observers. Most importantly, there was 100% agreement in high vs. low PTAC assignment between two observers and 97% (1 case different) for the third.
As presented in Table 3 , those with low PTAC were older, but were otherwise similar in all measures. Stepwise multivariate regression was used to assess the ability of five measures (athletic status, age, BMI, weekly training hours, and PTAC status) to predict V O 2max . After controlling for the strong correlation between athletic status and V O 2max (r 2 ϭ 0.74, P Ͻ 0.0001), weekly training hours and PTAC status added significantly to the model (⌬r 2 ϭ 0.055, P ϭ 0.001; and ⌬r 2 ϭ 0.027, P ϭ 0.009, respectively) such that these factors together explained 82% of the variance in vo2max (P Ͻ 0.0001). PTAC status was also a significant multivariate predictor of maximal exercise output (⌬r 2 ϭ 0.030, P ϭ 0.049) after controlling for athletic status (r 2 ϭ 0.59, P Ͻ 0.0001), while the other factors were not.
Effect of PTAC on Flow, Afterload, and Ventricular Function
As detailed in Table 4 , high PTAC was associated with significantly greater exercise-induced augmentation in CO and SV and a relative attenuation in PASP relative to low PTAC. All measures of RV function augmented to a greater extent in high PTAC relative to low PTAC whereas LV load and LV function were not significantly influenced. Figure 4A details the response of PASP to exercise as determined by PTAC status. High PTAC was associated with a 27% lower exercise-induced increase in PASP (slope coefficients 0.13 Ϯ 0.04 vs. 0.18 Ϯ 0.07 mmHg/W, P ϭ 0.004 and constants 21.7 Ϯ 8.2 vs. 22.0 Ϯ 4.8 mmHg, P ϭ 0.81) despite the significantly greater augmentation in CO relative to low PTAC. In contrast to comparison by athletic status, the extent of PTAC predicted significant differences in PVR (Fig. 4B) . In high PTAC, PVR was 37% lower than in low PTAC (slope coefficients 2.9 Ϯ 1.0 vs. 4.6 Ϯ 1.8 mmHg·l Ϫ1 ·min, P Ͻ 0.0001, and constants 10.1 Ϯ 7.0 vs. 1.5 Ϯ 12.0, P ϭ 0.003).
This equates to a 28% decrease in PVR in high PTAC compared with a 4% decrease in low PTAC when CO increases from 5 to 15 l/min during exercise.
BNP as a Marker of RV Load
BNP increased with exercise in athletes (11.9 Ϯ 11.6 at baseline vs. 26.0 Ϯ 21.2 pg/ml at peak exercise, P Ͻ 0.0001) and nonathletes (6.0 Ϯ 7.7 vs. 12.1 Ϯ 12.1 pg/ml, P Ͻ 0.0001) with a greater exercise-induced increase in BNP in the athletic group (P ϭ 0.016). Although the resting values tended to be higher in athletes, the difference was not significant (P ϭ 0.068).
When all subjects were analyzed according to PTAC status (Fig. 5 ), low PTAC subjects had a relatively greater exerciseinduced increase in BNP (P ϭ 0.003), and this effect was maintained if athletic status was included as a covariate.
This greater increase in exercise-induced BNP in those with low PTAC (regardless of athletic status) raises the possibility that BNP and RV load may be related. Indeed, a moderately strong correlation was found between peak-exercise PASP and BNP (r 2 ϭ 0.49, P Ͻ 0.0001) whereas correlations between BNP and systemic afterload were weak or absent (r 2 ϭ 0.17, P ϭ 0.01 for SBP, and r 2 ϭ 0.05, P ϭ 0.17 for MBP). Similarly, peak-exercise values for CO and BNP were not related (r 2 ϭ 0.01, P ϭ 0.95).
Arterial Blood Gases
Exercise was associated with a reduction in SaO 2 (98.0 Ϯ 0.4 vs. 96.7 Ϯ 1.4%, P Ͻ 0.0001), Pa O 2 (99.2 Ϯ 7.4 vs. 90.9 Ϯ 11.6 mmHg, P Ͻ 0.0001), and Pa CO 2 (39.6 Ϯ 3.0 vs. 33.7 Ϯ 3.2 mmHg, P Ͻ 0.0001), and the changes in SaO 2 and Pa O 2 were strongly correlated (r ϭ 0.90, P Ͻ 0.0001). However, there was no association between exercise changes in these gas measures and PTAC status (P ϭ 0.96, P ϭ 0.86, and P ϭ 0.90 for interaction between PTAC status and changes in SaO 2 , Pa O 2 , and Pa CO 2 , respectively). When these measures were Values are means Ϯ SD. SV, stroke volume; CO, cardiac output; PASP, pulmonary artery systolic pressure; Sm, maximal systolic myocardial velocity; IVA, isovolumic myocardial acceleration; RV, right ventricular basal free wall; LV, left ventricular basal septum; E/LV Em, early-diastolic mitral inflow velocity-to-myocardial velocity ratio; SBP, systolic blood pressure; MBP, mean blood pressure. *P value represents the comparison between regressions of multiple measures during exercise with slope coefficients compared between athletes and nonathletes. †P Ͻ 0.001 for peak exercise vs. baseline. assessed in the athletic group separately a greater reduction in arterial gas measures was demonstrable, but was once again independent of PTAC status (Fig. 6) . Furthermore, in the three subjects in whom there was no PTAC (all of whom were athletes), the exercise changes in SaO 2 (98.1 Ϯ 0.4 vs. 95.8 Ϯ 2.7%) were similar to those athletes with demonstrable PTAC (98.1 Ϯ 0.5 vs. 96.4 Ϯ 1.4%), P ϭ 0.47. In the nonathlete group, SaO 2 did not change significantly with exercise (97.8 Ϯ 0.4 vs. 97.6 Ϯ 0.7%), P ϭ 0.21.
DISCUSSION
The findings of this study provide an important description of pulmonary vascular physiology during exercise. We describe a progressive increase in PASP and reduction in PVR during exercise that was unaffected by training status. In contrast, the novel measure of PTAC separated individuals according to inherent differences in pulmonary vascular function. When compared with low PTAC individuals, those with high PTAC had lower exercise-induced increases in PASP and had greater reductions in PVR. This may provide a significant physiological advantage. Higher cardiac output and improved RV function were demonstrated in high PTAC subjects and were associated with greater V O 2max and exercise output. It may also be that the lower afterload state in high PTAC subjects results in less RV fatigue during more prolonged intense exercise, a phenomenon that we have described previously (29) .
Exercise-Induced Pulmonary Vascular Reserve Is Not Greater in Athletes
One of the physiological adaptations to exercise training is to increase cardiac volumes to enhance cardiac output (38) , and this is again demonstrated among our cohort. Poiseuille's relation suggests that increases in flow are proportional to pressure, and this principle is supported by our data and preceding investigations in which pulmonary pressures in athletes exceed those of untrained individuals (6, 8) . The fact that differences in peak-exercise PASP are proportional to exercise workload and cardiac output has important clinical implications. It has been suggested that exercise-induced pulmonary hypertension (EIPH) may be an indicator of early pulmonary vascular disease (18, 44) . However, it is clear that a reliance on peak PASP for diagnosis is inappropriate because of its dependence on exercise capacity and, thus, a high proportion of people with excellent physical condition would be inappropriately labeled with EIPH. Our data suggest that PVR has greater potential for determining an abnormal pulmonary vascular response to exercise because cardiac output (which is proportional to exercise capacity) is considered in its determination. Tolle et al. (44) used invasive measures during exercise to show a difference in PVR between normal subjects, EIPH, and pulmonary hypertensive patients. Incorporating assessment of cardiac output may improve the diagnostic utility of exercise 3) and nonathletes (PASP ϭ 0.164 ϫ exercise intensity ϩ 20.6) but a greater peak PASP was evident in athletes (P ϭ 0.025) due to their greater exercise capacity (blue arrows). B: pulmonary vascular resistance (PVR) is described by the relation between PASP and CO and is similar in athletes (PASP ϭ 3.78 ϫ CO ϩ 5.5) compared with nonathletes (PASP ϭ 3.60 ϫ CO ϩ 7.3) (P ϭ 0.71). echocardiography in patients with suspected pulmonary hypertension, a group in whom early invasive testing may be difficult to justify in routine practice. On the other hand, the fact that PASP increases proportionally with cardiac output and exercise capacity raises an important question: What can prevent excessive RV afterload in the setting of greatly increased cardiac outputs?
PTAC As an Indicator of Greater Pulmonary Vascular Reserve
Microspheres and bubbles have long been used as a measure of vessel caliber (30, 42) and agitated gelatin bubbles have been demonstrated to correlate well with the presence and size of pulmonary arteriovenous malformations (14, 33, 47) . Manually agitated saline and gelatin bubbles do not usually traverse the normal pulmonary circulation at rest (11, 27) , but Eldridge et al. (16) reported that 21 of 23 subjects (91%) developed pulmonary transit of agitated saline during exercise and concluded that this was consistent with the recruitment of largercaliber pulmonary vessels. We describe a similar rate of exercise-induced PTAC with agitated gelatin bubbles (95%), and our demonstration of reduced PVR and greater CO in those with high PTAC is consistent with the changes expected through a larger-caliber vascular circuit. This physiology may provide the best of both worlds: greater flow with lower afterload. Furthermore, we found that those with high PTAC had superior tissue Doppler measures of RV function, reflecting the close ventriculo-arterial coupling of the presystemic circulation. These enhancements in vascular and cardiac function are further evidenced by the demonstration that high PTAC is associated with greater V O 2max and exercise capacity. Thus multiple methods provide complementary evidence that PTAC reflects pulmonary vascular reserve and could be important in maximizing cardiac output during exercise.
The gelatin bubbles used in this study were measured at 21.2 Ϯ 6.2 m, and this provides an interesting reference. Assuming a Gaussian distribution, it may be predicted that very few bubbles would be smaller than the diameter of pulmonary capillaries under resting conditions (8 -9 m), but increases in capillary size would enable the transit of an increasing proportion of bubbles. This is consistent with the findings of Whyte et al. (49) who determined that a small percentage of radiolabeled albumin microspheres (7-to 25-m diameter) traversed the normal pulmonary circulation at rest and that this fraction increased during low-intensity exercise. They attributed this increase in microsphere transit to exercise-induced capillary distension. Krenz and Dawson (28) calculated that capillaries distend 2% for each millimeter-Hg increment in vascular pressure and this has been validated with human exercise data (36) . Similarly, direct measures in animal studies have documented a near doubling of pulmonary capillary diameters in response to physiological increases in pulmonary vascular pressures (17, 39) . These mechanisms could explain how some gelatin bubbles, which are too large to pass at rest, are able to pass through capillaries during exercise. The resulting association between high PTAC and enhanced distensibility would also explain the greater pulmonary vascular reserve that we have identified. Furthermore, our finding that low PTAC subjects were older is consistent with previous descriptions of reducing microvascular distensibility with age (36) .
PTAC Does Not Influence Exercise-Induced Changes in Arterial Oxygen Saturation
It is a well-recognized phenomenon that highly fit individuals may experience decreases in SaO 2 and Pa O 2 during strenuous exercise, but those of lesser fitness do not (15) . We sought to test whether the degree of desaturation was associated with the presence and grade of PTAC and found that arterial oxygenation was almost identical among athletes of high and low PTAC (Fig. 6) . We identified three athletes in whom there was no PTAC, but in whom arterial desaturation was similar to those athletes with PTAC. Thus it would seem unlikely that the cut-off in PTAC grading was obscuring an association between PTAC and arterial desaturation. Finally, a similar proportion of nonathletes was classified as high PTAC, and yet there was no evidence of arterial desaturation among this group. These results contrast with those of previous investigators who re- ported greater desaturation among subjects with PTAC (32, 40) . The reasons for this disparity are unclear. Differences between the gelatin bubbles used in our study, the macroaggregated albumin used by Lovering et al. (32) , and the saline bubbles used by Stickland et al. (40) may be influential. Sample size may be another important difference, especially when comparing the results of the few subjects with no demonstrable PTAC.
Important methodological constraints must be considered in our assessment of arterial gases. Blood gas measures were not corrected for temperature or tonometry. and this may have resulted in an overestimation of exercise-induced changes. We did not measure central venous gas concentrations, nor did we measure temperature-corrected inspired O 2 and water vapor pressures. Therefore, estimates of shunt fraction and A-aDO 2 cannot be accurately calculated, and we cannot definitively exclude arteriovenous shunting. Similarly, our finding that peak-exercise arterial oxygen content did not differ according to PTAC status does not completely exclude an association between arteriovenous shunting and PTAC. However, the results from multiple inert gas elimination techniques have suggested that right-to-left shunting contributes little to the phenomenon of exercise-induced hypoxemia (37) , and our results do not disprove this conclusion.
Changes in Contrast Bubbles Do Not Readily Explain PTAC
In our experimental design, the assumption of larger vessels may only be inferred, and it is possible that PTAC reflects changes in bubble size, integrity, and/or longevity rather than changes in the vasculature. In vitro and computational models suggest that reduction in bubble size and more extensive bubble splitting may result from greater vascular pressures and flows (12, 46) . However, this does not explain our findings in which high PTAC was at least as common in nonathletes compared with athletes (67% vs. 45%, respectively) yet exercise-induced augmentation in cardiac output was less. Also, pulmonary artery pressures were lower in those with high PTAC, the opposite of that which would be expected if pressure-induced bubble shrinkage or fragmentation was to explain PTAC. It is also unlikely that PTAC reflects bubble longevity. Tan et al. (43) reported that the rate of decay of gelatin bubbles was similar to that of a second-generation palmitic acidstabilized echocardiographic contrast agent (Levovist). However, unlike gelatin bubbles, Levovist readily traversed the pulmonary circulation due to a substantially smaller bubble size. We found that a single 3-ml bolus of gelatin bubble solution resulted in RV opacification that lasted in excess of 20 s, thus providing ample time for pulmonary transit if bubbles were small enough.
BNP as a Marker of RV Strain During Exercise
BNP elevations have previously been associated with isolated RV and pulmonary pathology at rest and with exercise (13, 31) . In our study, the exercise-induced BNP increase correlated with PASP but not with measures of LV afterload, suggesting that it was influenced more by RV than LV loading during exercise. Given that BNP has previously been associated with both volume and pressure overload states (4), it is perhaps surprising that there was no correlation with cardiac output, particularly since the greater muscle mass of the LV might be responsible for a greater proportion of BNP release even with less loading stress. As far as we are aware, this is the Fig. 4 . Effect of exercise and CO on pulmonary artery pressures in high vs. low PTAC subjects. A: PASP increased to a greater extent relative to exercise intensity in low PTAC subjects (PASP ϭ 0.184 ϫ exercise intensity ϩ 22.0) than high PTAC subjects (PASP ϭ 0.133 ϫ exercise intensity ϩ 21.7) (P ϭ 0.004). B: PVR was also greater in low PTAC (PASP ϭ 4.64 ϫ CO ϩ 1.5) compared with high PTAC (PASP ϭ 2.89 ϫ CO ϩ 4.6) (P Ͻ0.0001). Fig. 5 . Exercise-induced increases in B-type natriuretic peptide (BNP) according to PTAC status. BNP is similar between groups at rest (14.1 Ϯ 12.9 vs. 8.8 Ϯ 13.1 pg/ml, P ϭ 0.14) and increases in both groups with exercise (P Ͻ 0.001). The significant main interaction between exercise and PTAC status indicates that the increase is greatest in those with low PTAC (P ϭ 0.003). Error bars represent Ϯ SE. first report to suggest that BNP may be predominantly secreted from the RV during intense exercise in healthy subjects. However, isolated RV dysfunction and BNP increases have been demonstrated immediately following strenuous endurance exercise (29, 45) . We hypothesize that these changes are an extension of the acute increases in RV afterload and BNP that are described here during acute, maximal exercise. Future research is warranted to test whether the favorable effects of high PTAC status on BNP and RV function will translate to reductions in RV fatigue following strenuous endurance exercise.
Limitations
Our methodology combines echocardiographic parameters that have been validated against invasive measures during exercise (3, 21) to produce an expression of PVR. The ratio PASP/CO has not been invasively validated and does not include an assessment of right or left atrial pressures. Stickland et al. (41) measured a similar increase in right and left atrial pressures during exercise suggesting they have limited influence on changes in transpulmonary pressure gradients. Similarly, our Doppler estimates of left atrial pressure in early recovery suggest that changes in healthy subjects are not substantial. However, it must be noted that there is significant heterogeneity in the literature with some reports of marked elevations in left atrial pressure during strenuous exercise (35, 48) .
Previous noninvasive studies have relied solely on peak exercise measures (when accuracy is most challenging) to assess PVR (19) . The multiple measures employed in this study avoid these potential limitations by deriving the trends throughout exercise using an average of 8 Ϯ 2 measures. We used the modal velocity on Doppler outflow traces for the assessment of cardiac output as we have found this method to be reproducible with exercise, as validated by the excellent interobserver variability reported here. However, this may have resulted in a consistent underestimation of cardiac output and overestimation of PVR when compared with studies using the maximal spectral Doppler trace (2) . While this may limit comparisons with other studies, the within-subject trend analysis will minimize the effect of consistent bias on the comparisons made within this study.
We used a colloid for agitated contrast because of the more consistent bubble size compared with saline and the improved enhancement of Doppler signals (43) . PTAC was first described using agitated saline, and it is possible that the degree of PTAC may differ slightly with colloid. However, the bubbles are of similar size to those reported for saline under microscopic evaluation (27 Ϯ 7 m) (26), and so differences might be expected to be minor. In other clinical and research settings, the two agents have been found to yield similar results (1, 10, 14, 33) or have been used interchangeably (11) . Also, our finding of PTAC in 95% of subjects is very similar to that described by Eldridge et al. (91%; Ref. 16) when saline was used. It is also important to note that we simplified what is a spectrum of PTAC into two groups. Our cut-off point of ventricular opacification (Նgrade 3) proved the most reproducible as demonstrated by the almost complete agreement between three blinded observers. Future attempts at refining this classification will be important. Finally, the recruitment of vascular territories of larger diameter may differ with gravitational effects, and hence the results with upright exercise may differ.
Summary
Our study demonstrates that high PTAC is associated with favorable changes in pulmonary vascular reserve and RV function that may provide a physiological advantage during exercise. PTAC occurred at least as frequently in nonathletes as athletes, indicating that it may be an inherent, rather than trained, characteristic. Also, PTAC does not influence exercise-induced changes in arterial oxygenation. The relative contributions of arteriovenous shunting and capillary distension in explaining this phenomenon warrant further investigation. Fig. 6 . Exercise-induced changes in arterial blood gases in the athletic cohort according to PTAC status. Changes in arterial oxygen saturation (SaO2) (A), arterial PO2 (PaO 2 ) (B), and arterial PCO2 (PaCO 2 ) (C) with exercise were similar between those athletes with high and low PTAC.
